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Abstract 
In laser beam welding, a serious challenge is to control the distortion during the process. Understanding the whole 
process chain in view of different distortion potentials applied in each processing step provides the ability to control 
the distortion of the welded components. Every manufacturing step induces residual stresses in the component 
which can be released by the heat of the welding process, while further residual stresses are introduced into the 
welded parts upon cooling. The laser beam sources of the new generation permit a high power welding process and 
high beam quality at the same time. These laser beams are capable of producing deep and narrow seams. Thus the 
thermal strains of the joined parts are expected to be minimized. Especially axial welded shaft-hub joints show an 
irregular distribution of bending deformation, which is caused by the self-influencing welding gap. This work deals 
with the investigation of different laser beam sources and their effect on the welding distortion in axial welded shaft-
hub joints made of steel (20MnCr5). The aim of the work done was to achieve minimal distortion after the welding 
process. To characterize the influences on the distortion behaviour of the welded parts, residual stresses have been 
determined by neutron diffraction.  
 
PACS: 42.55.Wd; 42.62.Cf; 42.55.Rz; 61.05.F-; 62.20.mt; 81.40.Jj; 62.20.fg 
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1. Introduction 
The reduction of distortion phenomena during welding is not just a problem of the welding process. All 
manufacturing steps commencing in the steel mill and ending in the heat treatment workshop make a contribution to 
the distortion by introducing stress fields, which may be considered as distortion potentials that may be released in-
subsequent manufacturing steps. Possible reasons for distortion phenomena caused by the manufacturing process are 
inhomogeneities and asymmetries concerning the distributions of mass, alloying elements, microstructure, and 
residual stresses. In order to reduce distortion to a minimum, the Collaborative Research Center ‘Distortion 
Engineering’ investigates the influences of all manufacturing steps on distortion [1]. 
The interaction between residual stresses and welding distortion is well-known [2, 3]. However, the influences of 
high brightness lasers in consideration of residual stresses have not been investigated to date. 
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Generally, the amount of distortion can be minimized by optimizing the welding process. The magnitude of stress 
is a function of the weld bead size and the effect of shrinkage [4]. Moreover, the distribution of residual stresses 
along the weld can be influenced by controlling the heat input, shrinkage, and phase transformation [5]. Tensile 
stresses, such as weld residual stresses, may have a significant effect on corrosion, fracture resistance and fatigue 
performance [6] and a reduction of these stresses is generally desirable. Furthermore axial welded shaft-hub joints 
show an irregular distribution on the bending deformation which is caused by the self-influencing welding gap 
[7, 8]. 
The aim of this research is to measure residual stresses using non-destructive methods and to relate this to 
influences for the manufacturing procedures in order to achieve less distortion. In this paper, we report experimental 
neutron diffraction measurements of weld stresses of axial welded shaft-hub joints generated by laser beams of high 
beam quality. The focus is on the value of vertical line scans of the stress (strain) in the middle of the welds and 
horizontal line scans from surface to the bottom of the sample. The effect of higher beam quality and the influence 
on bending deformation caused by residual stresses are discussed. 
 
2. Experimental 
2.1. Material 
The chemical compositions of the case-hardening steels are shown in Table 1. The composition of the samples 
was identical during all experiments. The hub was formed by die-forging and the shaft by continuous casting, 
whereby different grain structures were generated. The parts were finished by turning. The dimension of the hub 
(disc) was Ø120 mm x 15 mm with Ø45 mm bore hole in the center and of the shaft Ø45 mm x 100 mm. All 
samples were stress-relieved, at 600 °C and furnace cooled, to characterize the influence of the residual stresses after 
welding. 
Table 1. Chemical composition of material (wt. %) 
Composition C Mn Si S P Ni Cr Mo Cu Al 
Hub (disc) 0.20 1.35 0.23 0.02 0.01 0.10 1.02 0.03 0.12 0.04 
Shaft 0.22 1.33 0.24 0.02 0.01 0.16 1.22 0.08 0.08 0.03 
2.2. Welding set-up 
All welding trials have been realized with different solid state lasers. The welding head contained 200 mm 
collimating and 200 mm focusing lenses which were connected to different fiber diameters. The heat input per unit 
length and focal point position was constant at all trials. Argon was used for shielding with a flow rate of 20 l/min. 
The detailed welding parameters and the denominations for the variations are given in Table 2. The set-up of the 
experimental investigations is shown in Figure 1a. All parameters were repeated with 5 samples. For measuring the 
bending deformations of the parts, eight tactile sensors were positioned on the surface of the sample, (Figure 1b). 
This experimental set-up allows determining the measured differences before and after the welding process.  
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Table 2.Laser beam welding parameters 
Sample denomination 4 kW RL 
(600μm) 
4 kW FL    
(200 μm) 
4 kW FL    
(150 μm) 
8 kW DL     
(200 μm) 
8 kW FL     
(200 μm) 
Laser  
    Type 
    Power (W) 
    Welding speed (m/min) 
    Line Energy (J/mm) 
    Focal length (mm) 
    Fiber diameter (μm) 
    Nominal focal spot size (μm) 
    Focal point position (mm) 
Shielding gas 
    Nature 
    Position 
    Flow rate (l/min) 
    Angle from surface 
 
Rod Laser 
4000 
1 
240 
200 
600 
600 
-1 
 
Argon 
Ahead 
20 
75° 
 
Fiber Laser 
4000 
1 
240 
200 
200 
200 
-1 
 
Argon 
Ahead 
20 
75° 
 
Fiber Laser 
4000 
1 
240 
200 
150 
150 
-1 
 
Argon 
Ahead 
20 
75° 
 
Disc Laser 
8000 
2 
240 
200 
200 
200 
-1 
 
Argon 
Ahead 
20 
75° 
 
Fiber Laser 
8000 
2 
240 
200 
200 
200 
-1 
 
Argon 
Ahead 
20 
75° 
      
 
 
a)  b)  
Fig. 1. Welding set-up: a) Overview, b) detailed positions of the tactile sensors 
2.3. Neutron diffraction measurement 
The residual stress distributions within the laser welded specimens were determined by neutron diffraction on the 
diffractometer STRESS-SPEC at the FRM II reactor in Munich, Germany [9]. For the diffraction experiment a Si 
monochromator was selected using the symmetric (400) reflection yielding a wavelength of λ = 1.6871(2) Å. This 
wavelength allowed to measure the ferritic steel (211) reflection at a scattering angle of about 2θS ~ 92°. This 
reflection was chosen since, in ferritic steels, it has been identified as a crystal plane that is not particularly sensitive 
to errors in estimates for macroscopic stress caused by intergranular strains [10]. The gauge volume was chosen to 
be 2×2×2 mm3. A procedure closely based on the work of Brand et al [11] was implemented to align the gauge 
volume with the centre of rotation of the sample table. For that an iron pin had been centered on the sample table 
using a dial gauge. Then the primary and secondary slits were translated across the incident and scattered beam and 
aligned to the maximum diffracted intensity recorded in the detector. This procedure allowed the positioning of the 
primary and secondary slits to with an accuracy of around  0.1 mm. 
 
Sample 
Welding head 
Tactile sensors 
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The specimens were fixed in a holder on the sample table of the diffractometer in such a way that the shaft (axial 
direction) was horizontal, (figure 2a). The disk part of the sample (hoop and radial directions) was then in the 
vertical plane of the diffractometer. The holder was able to rotate the sample automatically around the shaft by 90° 
so that no manual change of the sample orientation for all measurement directions had to be performed. The 
measurements were done along several lines as depicted in figure 2b. The first measurement line was along the shaft 
exactly on the weld center (through scan) to capture the residual stress variation with weld depth starting at 1.5 mm 
below the surface to 13.5 mm below the surface with a step size of  1 mm. The second measurement track was 
several line scans across the weld line in a distance of 2 mm below the surface (mapping). The scan extended 22.5 
mm to either side of the weld with a step size of 1 mm within 5 mm from the weld center and the larger step size of 
5 mm from 7.5 mm to 22.5 mm in the base material. 
 
a)   b)  
Fig. 2. Neutron diffraction measurement: a) set-up, b) Detailed measuring track (mapping) within the specimen 
Two small pins with diameter 4 mm and length 15 mm extracted by electro discharge machining from the weld 
center of case 8 kW FL (200 μm) and case 4 kW FL (200 μm)  have been used as d0 - reference samples (figure 3). 
It was supposed that the extraction and the small diameter of the samples would release most of the macroscopic 
stresses from the welding process. These samples were mounted on a rotating sample holder and were measured 
along the length of the pin with a step size of 1 mm using the same setup (e.g. gauge volume size, wavelength, slit 
setup) as for the laser welded discs. Thus it was possible to capture the variation of d0 values along the weld line, 
which are due to the phase transformation behaviour of the ferritic steel during the welding and cooling process (see 
for example [12] and references therein).  
 
 
Fig. 3. Pin extracted by electric discharging for reference measurement d0 
 
Primary slit 
Secondary slit 
Gauge volume 
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2.3.1. Data Analysis 
Neutron diffraction measurements use interplanar lattice spacing as a strain gauge. The lattice spacing d is 
directly related to the scattering angle 2θ obtained from a diffraction experiment by Bragg’s law, 
 
2d sinθ  =  nλ.    (1) 
 
In equation (1) n is an integer and λ is the wavelength of the radiation. The variation of the lattice spacing Δd is a 
measure of the elastic strain ε in a sample. In a monochromatic neutron diffraction experiment, such as carried out at 
STRESS-SPEC, the strain ε can then be directly calculated from the measured diffraction angles θ, of a stressed 
material compared to a diffraction angle measured for a stress-free reference sample, θ0, 
 
1
sin
sin 0
−=
Δ
=
θ
θ
ε
d
d . (2) 
 
Here the strain is measured in the direction of the scattering vector Q, which bisects the incident and the 
diffracted beam. Since stress is a tensor, measurements are generally required in six orientations to completely 
determine the stress state at any point in the sample. However, in case of disk shaped laser welded samples, we 
assumed that the principal stress axes coincide with the axial, hoop and radial directions of the disks. Thus, the 
stresses can be calculated as follows, 
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εενεν
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σ ++−
−+
= , (3) 
 
where E = 228.1 GPa and ν = 0.275 are the diffraction elastic constants used for the (211) Bragg reflection.  
 
3. Results 
3.1. Bending deformation 
The bending deformations were measured by using the described set-up in chapter 2.2 and correlated with 
described parameters (table 2). The deformations were between 150 and 175 μm in the cases 4 kW RL (600μm), 4 
kW FL (200 μm), 4 kW FL (150 μm). By increasing velocity and laser power (8 kW DL (200 μm) and 8 kW FL 
(200 μm)) the bending deformation decreased to 100 μm.  
a)  b)  
Fig. 4. a) Drawing of the component with bending direction and b) and bending deformations correlated with the different parameters (table 2).  
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3.2. Metallography and hardness 
In figure 5, cross sections of all welds are given. The hub was formed by die-forging and the shaft by continuous 
casting, whereby different grain structures were generated. By using larger fiber diameter in case 4 kW RL 
(600μm), the welding depth is smaller compared to the other parameter sets. In case 1 to 3 the welding speed and 
power was the same (4 kW). These welds are broader in the upper area in comparison the welds with 8 kW laser 
power. However, the welds with higher velocity and laser power are deep and narrow. That expresses in the width of 
local spot hardness, too, shown in figure 5. The peak value of hardness was observed in all samples in the heat 
affected zone. The measuring line was 1mm under the surface. The width of the hardened area is essentially smaller 
in case 8 kW DL (200 μm) and case 8 kW FL (200 μm). The identical hard spot up to 575 HV on the hub side is 
remarkable in all cases. Within the welded seam the curve progression is on the same level. 
 
Fig  5. Cross sections from left to right of all samples. In every figure on the right of the weld, the shaft is shown. The other side represents the 
hub. Depth and width of the fusion zone are given for each sample, together with the hardness profile recorded 1 mm below the surface. 
3.3. Residual Stresses 
The residual stresses were derived from the elastic strains measured along the weld center downwards. The 
maximum hoop tensile stress was observed within the seam of the weld, in all cases. Lower welding speed by 
holding the line energy leads in case 4 kW RL (600μm) and 4 kW FL (200 μm) (figure 6 a, b) to compressive 
stresses up to 400MPa in radial direction below the weld. This effect was not observed in 4 kW FL (150 μm) (figure 
6 c). Furthermore the hoop stresses in the cases 8 kW DL (200 μm) and 8 kW FL (200 μm) rose up to 400 MPa 
tensile stresses.  
The radial stresses were comparable to the hoop stresses in the cases 4 kW RL (600μm) and 4 kW FL (200 μm), 
with a maximum of 450 MPa compressive stress. Whereby the radial stresses in the other cases remain between 200 
MPa tensile stress and 200 MPa compressive stresses. 
The axial stress progresses in the cases 4 kW RL (600μm) and 4 kW FL (200 μm) were again similar to the radial 
stresses, however in the other cases these stresses were oscillating around the zero line. 
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a)    b)  
c)    d)  
e)  
Fig. 6. Residual stresses in all investigated cases measured within the weld center by a line scan from surface to the bottom of the sample  
Exemplary in case 8 kW FL (200 μm), the stresses were mapped in horizontal lines in steps of 2 mm downwards. 
In figure 7a to 7c, the residual stress is illustrated. The stress distribution in the shaft shows a maximum of tensile 
hoop stress of 754 MPa besides the seam which decreases from the surface downwards the center of the shaft and 
become deeper than the weld. Furthermore, tensile stresses are observed at the hub side of the component. 
Especially 1 mm besides the seam a maximum of 500 MPa was measured. Below this area compressive stresses 
were observed. Further away from the weld seam, a stress gradient was observed in the hub, with compressive 
stresses up to 308 MPa in the top region and around zero in the lower region. 
The radial stress distribution on the hub side is nearly around the zero stresses 10 mm besides the seam. The 
maximum value tensile stresses was observed on the shaft side besides the seam. Below the seam the compressive 
stress raised up to 253 MPa. On the shaft side the radial stress distribution changes to tensile stresses comparable to 
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the hoop stress distribution. All over the welded part tensile stresses between 100 MPa and 300 MPa were observed 
which increased near the seam up to the surface of the sample.  
The axial stress shows a maximum of 494 MPa tensile stresses besides the seam in the same region where hoop 
and radial stresses were maximal. A compressive axial stress of 205 MPa was found at the top of the weld bead. 
Furthermore compressive stresses 6 mm besides seam were measured. Otherwise the axial stress oscillated all over 
the whole part around the zero stresses. 
 
 
Fig. 7. Residual stresses within sample (8 kW FL 200 μm) after welding (a to c) 
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4. Discussion 
The correlated results of this investigation are shown in Figure 8 based on the first parameter case standardized to 
100 % in all values. In comparison to case 4 kW RL (600μm), the welding depth of 4 kW FL (200 μm) and 4 kW 
FL (150 μm) was increased about 50 %. At this, the aspect ratio progresses in the same way since the weld seam 
width was comparable. As a result the molten area increased by about 50% indicating a substantially higher process 
efficiency. However the resulting deformations were nearly the same in these cases, while the maximum tensile 
hoop stresses increased by 80 %.  
In case 8 kW DL (200 μm) and 8 kW FL (200 μm) deep and narrow welds were generated that induce high 
tensile hoop stresses up to 260 % of the reference level. The deformation was reduced to 65 % in comparison to the 
other cases.  
Thus. a deep and narrow weld may lead to less distortion, but increases major hoop stresses. Since, the tensile 
hoop stress observed near the root area of a weld may lead to critical fatigue behaviour, this will need further 
investigations. 
 
0%
100%
200%
300%
400%
4kW RL 
(600μm)
4kW FL 
(200μm)
4 kW FL 
(150 μm)
8 kW DL 
(200μm)
8 kW FL 
(200μm)
Weld depth
Aspect ratio
Measured 
seam area
Max. tensile 
hoop stress
Bending 
deformation
 
Fig. 8. Correlation of parameter variations, based on 4 kW RL (600μm), which is set up to 100% for each measured results  
5. Conclusion 
Laser welded shaft-hub joints using different laser beam sources have been explored in view of induced 
deformations and residual stresses. 
 The main points are:  
 
• By holding constant line energy in all trials, resulting deformation became smaller by increased laser power 
and velocity (8 kW; 2 m/min).  
• Less power and velocity (4 kW; 1 m/min) showed similar deformation in all cases. 
• The usage of smaller fiber diameters increases the weld depth, but retains the deformation. 
• The hoop stresses increased when deeper welds were achieved, independent of the resulting deformation 
 
It can be concluded that high brightness lasers generated deeper welds with higher aspect ratio. This is always 
introducing higher tensile stress levels, but not necessarily beneficial for deformation. The deformation was reduced 
only at the higher welding speed, however the stress level increased significantly. 
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